Several hydraulic fracturing tests were performed in boreholes located in central Hungary in order to determine the in-situ stress for a geological site investigation. At a depth of about 540 m, the observed pressure versus time curves in mica schist with low dip angle foliation shows atypical pressure versus time results. After each pressurization cycle, the fracture breakdown pressure in the first fracturing cycle is lower than the refracturing or reopening pressure in the subsequent pressurizations. It is assumed that the viscosity of the drilling mud and observed foliation of the mica schist have a significant influence on the pressure values. In order to study this problem, numerical modeling was performed using the distinct element code particle flow code, which has been proven to be a valuable tool to investigate rock engineering problems such as hydraulic fracturing. The two-dimensional version of the code applied in this study can simulate hydro-mechanically coupled fluid flow in crystalline rock with low porosity and pre-existing fractures. In this study, the effect of foliation angle and fluid viscosity on the peak pressure is tested. The atypical characteristics of the pressure behaviour are interpreted so that mud with higher viscosity penetrates the sub-horizontal foliation plane, blocks the plane of weakness and makes the partly opened fracture tight and increase the pore pressure which decreases slowly with time. We see this viscous blocking effect as one explanation for the observed increase in fracture reopening pressure in subsequent pressurization cycles.
Introduction
The knowledge of the current stress state is essential for underground construction and stability. To determine the in situ state of stress at a given site is a challenging task . In particular, stress magnitudes play a key role in calibration of geomechanical models for the safety assessment of underground or surface site such as nuclear waste repository or nuclear power plant (NPP).
The measured in-situ stress field contributes to the assessment of tectonic evolution and any potential fault slip. A fault slip may jeopardize the long-term stability of the facilities. Therefore, such assessments must consider the ranges of stress magnitudes and orientation at different depths to determine tectonic regimes and their stability. Hydraulic fracturing (HF) is the most widely used in-situ stress measurement technique that enables estimating stress magnitudes and orientation at various depths over relatively large rock volume, i.e. 0.5-50 m 3 (Amadei and Stephansson 1997) . The suggested HF test procedure by Haimson and Cornet (2003) and Zang and Stephansson (2010) is summarized as follows.
The suggested method assumes a borehole drilled parallel to a principal stress direction (typically vertical) and requires the identification of rock formations to be tested using extracted cores and/or borehole images. The selection of test intervals for HF aims at avoiding fractures or other structural features. The test interval is sealed off by inflating straddle packers at the selected depth, generally by pumping water.
The test interval is first pressurized to assess the performance of the packers and to confirm that open, conductive fractures are not present (formation integrity test). During the first, breakdown cycle, the interval pressure is raised by maintaining a constant, predetermined, flow rate to achieve the peak pressure at which the borehole wall fractures, termed as fracture breakdown pressure FBP (Zang and Stephansson 2010) within 3-5 min. Immediately after observing tensile breakdown, the interval pressure is shutin to limit the extent of hydraulic fracture propagation. Interval pressure will decay, initially at a higher rate while the newly created hydraulic fracture is still open, and then much slower, after the fracture has closed. The pressure decay is monitored for approximately 5 min, then released to initial, static pressure (termed as venting or flow back). The pressure at which the fracture closes is termed shut-in pressure (SIP). The pressure measured immediately after the shut-in operation started is referred to as instantaneous shut-in pressure (ISIP) .
Once the interval pressure returns to the static pressure, the interval is pressurized at the same flow rate as breakdown cycle to observe the reopening or refracturing pressure of the newly created hydraulic fracture (RFP). The flow is maintained for several minutes to observe the fracture propagation pressure, followed by shut-in. The pressure decay is monitored to identify the shut-in pressure. Reopening cycles can be conducted two or three times in order to establish consistent fracture reopening and shut-in pressure.
After the reopening cycle(s), a step-rate or jacking pressurization cycle can be conducted to confirm the RFP under controlled conditions. The pressure in the interval is first brought to a very low level and maintained constant while the flow rate is measured. Thereafter, the interval pressure is raised to a new higher value and again the flow rate is allowed to stabilize at a constant level. This is repeated several times, which results in constant pressure levels measured at different flow rates. Once the interval pressure exceeds the RFP, the newly created fracture opens, i.e. deviation from linear trend is observed on pressure versus flow rate plot. The injection is stopped and the test interval is shut-in for pressure decay monitoring. After completion of the test cycles, the packers are deflated and moved to the next test interval.
The fluid pressure required to generate, propagate, sustain and reopen fractures in rock is related to the magnitude of the existing stresses. The direction of the in-situ stresses is inferred by observing the orientation of the hydraulically induced fractures by comparison of the pre-and posttest (acoustic or resistivity) borehole images to determine the presence and orientation of a newly created hydraulic fracture.
Although it is relatively straightforward to measure stress magnitudes using HF (Zang and Stephansson 2010; Zoback 2010) , pressures determined by this method still suffer from uncertainties due to the natural (intrinsic) anisotropy and heterogeneity of the rock mass. Furthermore, uncertainties in HF stress measurements are not only related to inherent rock properties but also to measurement technique and data analysis (Amadei and Stephansson 1997) .
It must be noted that methods commonly used for determining the minimum stress-apart from traditional hydraulic fracturing-are the leak-off tests (LOT) and extended leak-off tests (xLOT). The main difference between HF and LOT/xLOT is that HF is conducted in a section away from the well bottom while the latter is normally performed under the casing shoe, typically at the very bottom of the drill hole. The difference in geometry between HF and LOT/xLOT is likely to have an influence on the determination of the minimum stress .
Several field, laboratory and numerical studies have been reported on pressure-time records that are unusual and make the interpretation complicated. In the following, we give three examples for anomalous breakdown and peak pressure behaviour during HF testing. First, early in-situ HF tests in deep intervals (up to 1000 m depth) as reported by Healy and Zoback (1988) and Hickman and Zoback (1983) show the peak pressure attained in crystalline rock on the first cycle is lower than that attained on subsequent cycles. The authors explain the unusual behaviour by either fracture formation at the time of the packer inflation or low, and varying rock tensile strength. Second, recent HF stress measurements in granite and shale on laboratory scale reported by Zhou et al. (2016b) and Lin et al. (2017) , respectively, show similar, peak pressure features when increasing injection fluid density and viscosity. These observations from laboratory investigations are also supported by results from numerical modeling presented by Shimizu et al. (2011) and Zhou et al. (2016a) .
In this study, we use recent in-situ HF rock stress measurements in boreholes at depth up to 1500 m that were conducted by Golder Associates Hungary (Lemon et al. 2016) to assess the stress regime as part of a geotechnical and hydrogeological investigation for the Paks II Nuclear Power Plant (NPP) Extension Project (Paks II project) in Hungary (ÁKMI 2016) . At several test intervals, in-situ HF stress measurements were performed in which recorded pressure-time data exhibit higher RFPs than FBP.
The goal of this study was to better understand processes that can lead to larger reopening fracture pressure (RFP) than first breakdown pressure (FBP) as observed in stress measurement data obtained in the project. Thus, we performed numerical modeling using the distinct element method and the two-dimensional Particle Flow Code, PFC 2D (Itasca 2008) to simulate several pumping cycles in three different PFC models.
The paper is structured as follows: In Sect. 2, the most relevant characteristics of the Paks II NPP Extension Project and the HF rock stress field measurements are summarized. In Sect. 3, the two-dimensional hydro-mechanically coupled discrete element code and the model geometry are reported. In Sect. 4, the injection procedure and the breakdown and reopening pressure cycles are described. In Sect. 5, results of the PFC modeling are compared with field data, assessed and discussed. Finally, the viscous blocking idea is developed for anisotropic rock (mica schist) to explain the lowering of peak pressure in subsequent hydraulic testing cycles observed in the field.
Hydraulic Fracturing Stress Measurements and Data

The Paks II Project Testing Program
The Paks Nuclear Power Plant (NPP) is located south of the town of Paks in central Hungary (Fig. 1 ). To comply with requirements of the Hungarian Atomic Energy Authority and the International Atomic Energy Agency for permitting construction of new power units, referred to as Paks II project, a geological investigation was conducted in 2015 -2016 (ÁKMI 2016 . In the framework of this project, several hydraulic fracturing (HF) stress measurements were performed to create a geomechanical model of the site (Lemon et al. 2016) . The measurements were conducted at 19 intervals in each of four boreholes, PAET-26, PAET-27, PAET-29 and PAET-34, drilled for geotechnical and hydrogeological investigations. Figure 1 shows the location of the four boreholes tested and Fig. 2 (Fig. 3) .
In borehole PAET-26, the rock tested is fresh, strong, dark gray to light gray, mica schist which has a W-NW strike and mostly shallow dipping foliation of between 0° and 15° at depth between 500 and 550 m (Fig. 4) . Test intervals in crystalline basement rock were selected from sections free of natural fractures and relatively limited presence of planes of foliation planes. Prior to testing, the open borehole intervals were not flushed by water to prevent wellbore instabilities. Thus, hydraulic fracturing could only be performed using drilling mud with a density of 1060-1160 kg/m 3 . The goal of the pressurization cycles is to provide sufficient data to obtain repeatable values of the following pressures from each test interval:
• fracture breakdown pressure (FBP), determined from the peak pressure of Cycle 1; • reopening or refracturing pressure (RFP), identified as the variation in pressurization rate of Cycle 2 relative to Cycle 1; • derivative shut-in pressure (DPDT), determined by the intersection of tangents on the time derivative of pressure plot, which indicates a change in the interval conductivity caused by the fracture closure, from cycle 2 and subsequent cycles; and • jacking pressure (JP), determined by the deviation from linear or laminar flow on the plot of pressure against flow rate from a series of jacking or step-rate test steps based on Doe and Korbin (1987) .
These pressure values are used to estimate the minimum stress (σ 3 ) exerted perpendicular to the fracture face that is opened. The maximum horizontal stress (S Hmax ) is calculated from the minimum horizontal stress (S hmin ), the FBP, the RFPs and the tensile strength of the rock (T) using the Hubbert-Willis equation in Zang and Stephansson (2010): where P p is the pore pressure. The vertical stress, the magnitude of overburden load or lithostatic stress (S v ), is accepted to act vertically, parallel to the well orientation, and is calculated from the cumulative neutron density profile.
Three successful HF tests were completed in PAET-26. The complete pressure-time records for one of the tested intervals in PAET-26 for depth at 540.33-541.66 m are presented in Fig. 5a as a representation of all conducted measurements in this borehole. The breakdown, refracturing, shut-in and jacking pressures and the estimated stresses for this interval are calculated and summarized in Table 1 . These show that after an initial interval or formation integrity test (FIT), a breakdown cycle is followed by two refracturing cycles and a jacking cycle. The jacking cycle was invalid due to pump malfunction. A third refracturing cycle was conducted with an extended pumping period followed by a modified jacking cycle and a final, fourth refracturing cycle.
(1)
The interval tested shows a tensile FBP in Cycle 1 with increasing peak pressures in subsequent refracturing cycles to a maximum of 19.3 MPa in Cycle 3 at a flowrate of approximately 4 l/min (Fig. 5b) . The shut-in pressure (SIP) of the refracturing cycles as well as the jacking cycle shows similar fracture closure pressure of approximately 16.4 MPa. The determination of fracture closure pressure from cycle 2 using the pressure versus square root time and DPDT plots is illustrated in Fig. 6a , b, respectively.
Based on these consistent pressures, the minimum principal stress of 16.4 MPa is selected for the test interval. Using Eq. (1), the estimated maximum principal stress (σ 1 ) equals 29 MPa. The vertical stress (S v ) is estimated as 11.6 MPa from neutron density logging. Figure 2 shows that the minimum stresses measured for all three tests in this well are above lithostatic stress, which indicates either thrust faulting regime (S v < S hmin < S Hmax ) or the test results indicate an intermediate stress (Table 1 ; Fig. 2 ).
Comparison of pre and post-testing acoustic televiewer logs for three tested intervals in PAET-26 does not show any newly induced hydraulic fracture (Fig. 4) , which prohibits assessment of the direction of the measured minimum stress.
The estimated stresses and the lack of presence of induced hydraulic fracture in the post-testing borehole image imply that either the fracture closed completely after HF or the newly induced or reactivated fracture propagated in the direction of the sub-horizontal foliation plane.
Numerical Model
Two-Dimensional Particle Flow Code and Fluid Flow Algorithm
The ITASCA Particle Flow Code (PFC 2D ) uses an explicit time integration scheme to solve the equations of motion for an aggregate of rigid discrete circular particles (Itasca 2008) . PFC 2D is also referred to as the bonded-particle model (BPM) since the contacts between the circular particles are defined through so-called parallel bonds and enhanced by cementing material at the contacts with finite thickness (Fig. 7) . The integration scheme, that is, the mechanical calculation cycle in PFC2D is a time stepping algorithm that iterates between the law of motion applied to each particle and the linear force displacement law including fluidinduced deformation applied to each contact (Fig. 8) . The geomechanical simulator defines strength at the contacts in terms of Mohr-Coulomb failure criterion (Itasca 2012; Labuz and Zang 2012) . Due to mechanical loading and loading from fluid pressure, the bonds can break in tension (Mode I) or shear (Mode II). For more details, we refer to Potyondy and Cundall (2004) .
The fluid flow algorithm of the hydraulic cycle provides a way to investigate hydraulic treatment from a borehole into the host rock. In this study we use the hydro-mechanically coupled code of PFC 2D developed by Hazzard (2002) , Yoon et al. (2014) and Yoon et al. (2017) . The algorithm assumes that each particle bonded contact corresponds to a flow channel which connects up pore spaces (so-called domains) that can store pressure and once a domain is pressurized, it becomes fully saturated (Fig. 7) . In this sense poroelasticity is explicitly considered in the applied version of PFC 2D . We use the experimentally derived relation between hydraulic aperture and normal stress in crystalline rock based on Hökmark et al. (2010): where e inf denotes the residual hydraulic aperture at infinite normal stress, e 0 is hydraulic aperture at zero normal stress, σ n corresponds to effective normal stress on a flow channel and coefficient α controls the rate of aperture decrease with increasing normal stress. We assume that the foliation plane does not have asperities that may prevent surface closure. Based on developments by Yoon et al. (2017) the PFC 2D code uses two different hydraulic aperture (e) versus normal stress (σ n ) relations. These are assigned to particle contacts representing foliation (smooth joint introduced by Mas Ivars et al. 2008 ) and rock matrix (parallel bond). Figure 9 shows that initial hydraulic aperture (e 0 ) in rock matrix (orange) is approx. 0.6 µm and 6 µm in foliation (blue) and decreases to 0.1 µm and 1 µm (e inf ), respectively, with increasing normal stress. These values are in good agreement with aperture derived from field hydraulic tests (ÁKMI 2016). Coefficient of decay (α) is set to 0.15 for both foliation and rock matrix based on Hökmark et al. (2010) .
Permeability of rock matrix and foliation are defined by hydraulic aperture. The initial hydraulic aperture for a given permeability (k) is estimated using the derivation by Hazzard et al. (2002): where R is the particle radius, n is the mean porosity and L is the pipe (flow channel) length.
(2) e = e inf + e 0 − e inf exp − n ,
Model Description
The coupling between hydraulically induced fracture propagation, fluid flow and foliation is studied through three rock mass models. The first model contains no foliation, i.e. the material is considered homogeneous and isotropic as well as serves as base model (case A in Fig. 10 ). In the second and third rock mass models (case B and C in Fig. 10 ), smooth joint contacts are applied to simulate foliation. In model B smooth joints are parallel to S H and in model C tilted by 15° clockwise with respect to S H . Field data presented in Sect. 2 suggest that the induced fracture propagated in the horizontal direction (parallel to sub-horizontal foliation) and, therefore, 2D vertical sections of 2 m × 2 m are generated (Fig. 10) . The chosen size of the rock model to the volume involved in HF stress measurement is an isolated, approx. 1-m-long open hole section. About 15.000 particles are generated in the models with the parameters listed in Table 2 . Average particle size is about 1 mm, and, in agreement with grain size of typical mica schist from the Paks site.
The mechanical properties of the host rock is calibrated through a trial-and-error process described in Potyondy and Cundall (2004) . The rock mass model without foliation is calibrated against laboratory data using the rock model described above (Table 3 ). According to Table 3 , the calibrated Young's modulus, Poisson's ratio and uniaxial compressive strength (UCS) are between measured minimum and maximum values; however, the Brazilian Tensile Strength (BTS) is somewhat higher in the rock mass model. This can be associated with the limited capability of PFC2D in complete matching of UCS to BTS ratio (Potyondy and Cundall 2004) . On the other hand, the high variability in BTS is typical of foliated metamorphic rock, such as gneiss or mica schist (Zang and Berckhemer 1993) .
Numerical microparameters in Table 2 are chosen to best resemble foliated mica schist and provide reasonable computation time as well. Foliations in this study are implemented as smooth-joints model which is a contact model that allows particles to slide past one another without over-riding one another (Mas Ivars et al. 2008) . A joint is created by assigning this contact model to all contacts between particles that lie upon opposite sides of the joint surface. Length and number of joints are arbitrarily determined. The generated joint fabric is then overlaid on to the bonded particle assembly. Those particle contacts which were assigned with parallel bonds and located along the joint fabric are switched to smooth joint contacts and assigned with mechanical properties that are listed in Table 2 . The length of each segment of joint set (0.2 m) is chosen arbitrarily in order to prevent model boundary effects. The rock mass model is pre-conditioned to have a bulk permeability of 10 −18 m 2 that determines initial hydraulic aperture (e 0 ) in both rock matrix and foliation based on Eq. (3). The chosen parameter value enables maintaining numerical stability, provides reasonable time steps and also, hydraulic aperture that shows good agreement with data derived from hydraulic field tests (Lemon et al. 2016) . The pressure at both pore spaces (domains) connected by this broken contact is set to the average of those pressures. Therefore, it is assumed that the two pore spaces that were separated before the bond break become one space (Fig. 7) . Figure 10 shows rock mass models A, B and C, in which the open hole interval between the packers is created by deleting particles in the center area with a size of 50 cm × 5 cm. Straddle packers are modelled as material regions above and below the open hole area by defining lower hydraulic aperture (1 nm, that is, impermeable) to prevent leak-off into the packers during injection. Furthermore, the particle contacts in the packer are treated stiffer and stronger than those contacts in the rock part to prevent fracturing ( Table 2 ).
The applied in-situ stress field of the rock mass models agrees with the measured in-situ data (Sect. 2): the vertical stress (S v = S zz ) equals 15 MPa and the maximum horizontal stress (S Hmax = S xx ) equals 30 MPa.
Simulation of Injection Procedure
Several injection cycles are performed to simulate injection phases and flow back. After injection, shut-in is simulated by stopping pumping and the interval pressure decreases as fluid leaks-off into stimulated rock mass. Since pressure relaxation always requires more time than to create or extend hydraulic fracture-especially for fluid with higher viscosity-the time for shut-in periods are set longer, i.e. double of that for injection in each model case. It must be noted that injected fluid cannot be removed from the borehole model; hence, interval pressure will not decay to zero after any stimulation cycle. The simulation ends after the refracturing cycle as the induced hydraulic fracture reaches model boundary.
Hydraulic fracturing of a given interval in a borehole is modelled as fluid being injected into an unpressurized hydraulic domain (Sect. 3.1). This is located at the center of the open borehole section as well as the rock mass model, which is represented by particles deleted between the sealing packers. Injected fluid may flow from the stimulated central domain to those which are directly connected. Figure 10 illustrates how water-with viscosity of η = 1 mPa s-is injected into model A, in rock mass without foliation. In model B and model C, drilling mud with viscosity of η = 10 mPa s is used for stimulation into rock mass with pre-existing foliation. In all models the injection flow rate is set to 3.6 l/min according to the applied flow rate of the field tests (Table 4) .
Hydro-mechanical processes during simulation of injection are studied through spatial-temporal monitoring of fluid pressure evolution and microcrack generation process. Microcrack generation due to failure at either parallel or smooth joint contacts is observed simultaneously. The chain of microcracks is identified visually as a macrocrack. Microcracks induced due to fluid injection may be origin of pure tension (Mode I) or shearing (Mode II) at either contact type.
Modelling Results
Results of numerical simulation of HF into crystalline rock mass are presented as flow rate (Q), injected fluid volume (V inj ), interpreted pressures, like fracture breakdown pressure (FBP) and refracturing pressure (RFP), type and amount of generated microcracks as well as field testing data are summarized in Table 4 . The results are detailed for each rock mass model, i.e. homogeneous rock mass (A), rock mass with horizontal foliation (B) and sub-horizontal (C) foliation.
For each model, general observations based on monitored interval pressure and time-dependent number of generated microcracks for the pressurization cycles are presented first. This is followed by analysing the spatial distribution of micro-and macrocracks for each of the models.
Stimulation of Homogeneous Rock Mass Model A by Water Injection
Interval pressure, flow rate and cumulative number of generated microcrack records of model A are presented in Fig. 11 . The results show that minor fracturing occurs during the first injection cycle. This is reflected by relatively low increase in number of induced microcracks versus time associated with two distinct pressure drops in the order of 1-2 MPa. Although pressure drops are observed during this stimulation cycle, no characteristic pressure signature of fracture breakdown and subsequent fracture propagation is visible in the pressure versus time record. Therefore, the first cycle is interpreted as a cycle in which tensile fracture initiates. After shut-in, microcrack generation stops. The second injection cycle shows a clear pressure drop and subsequent pressure undulation (Fig. 11 ) during continuous flow. This is interpreted as fracture breakdown pressure (FBP) at a peak pressure of 24 MPa which is followed by fracture propagation until injection is stopped at 21.5 MPa. After this injection phase, minor microcrack generation can be seen in Fig. 11 , in contrast to the shut-in phase of cycle 1.
The last injection cycle exhibits a peak pressure of 21.5 MPa and short pressure undulation at about 21 MPa, (Fig. 11) . The refracturing pressure (RFP), therefore, is considered to be 21.5 MPa which is lower than the FBP and similar to the fracture initiation pressure of the first cycle. The duration of the last cycle is shorter as the induced hydraulic fracture reaches model boundary. Few cracks are generated during reopening and no cracks are observed during shut-in. Figure 12 provides information about the generation of microfractures during pressurization of model A with water at two stages, fracture breakdown (A/1) and refracturing (A/2). Stage A/1 in Fig. 12 demonstrates that several microcracks are induced in tension close to the boundary region between the sealing packers, open borehole area and the rock mass. Furthermore, a chain of microscopic tensile microcracks on the right side of the model region builds a macroscopic hydraulic fracture. This is extended during the fracturing and refracturing cycles, approx. parallel to the direction of maximum principal stress, the maximum horizontal stress (S Hmax ). The undulation in the hydraulic fracture propagation reflects inherent variability in strength of the particles and parallel bond contacts representing the rock mass.
Mud Injection into Model B with Horizontal Foliation
The interval pressure, flow rate and generated microcrack records for simulation of model B are presented in Fig. 13 . In this model horizontal foliation is parallel to direction of maximum horizontal stress and the rock mass is pressurized by drilling mud with a viscosity of 10 mPa s. The first injection cycle in Fig. 13 exhibits a first breakdown peak pressure FBP of 17 MPa, which is followed by a pressure reduction to 13.5 MPa. Shortly after this pressure drop, the flow is shut-in. Microcrack generation begins before reaching peak pressure and after shut-in the number of microcracks increases steadily. Based on these observations, the first injection cycle can be interpreted as breakdown cycle with a FBP of 17 MPa.
The pressure versus time record of second stimulation cycle in Fig. 13 exhibits a refracturing pressure RFP of 19 MPa. Small pressure drop before reaching RFP can be observed as well. Undulating pressure of approximately 17-18 MPa following RFP indicates hydraulic fracture propagation that can be caused by differences in strength and permeability of the foliation planes in the rock mass. Therefore, this cycle is interpreted as refracturing cycle with a RFP of 19 MPa, which is higher than the FBP. After shutin of the refracturing cycle, only relatively small amount of microcracks are generated. Fig. 14) , fractures are extended both in the rock mass and foliation planes, parallel to the maximum principal stress S Hmax . The tensile hydraulic fracture in the rock mass propagates to a greater extent. The foliation planes are fractured mostly in tension, a fracturing mechanism which is expected for hydraulic fracturing. Shear microcracks are also generated; however, their relative smaller portion to tensile microcracks may suggest that the foliation planes are not optimally oriented for hydro-shearing.
Comparison of interval pressures during cycles 1 and 2 ( Fig. 13 ) with microcrack distribution (Fig. 14) shows that as soon as the mud penetrates the foliation planes, the interval pressure remains high. This implies that higher fluid pressure is required to pump the mud into the foliation and to the rock mass. This explains the higher RFP compared to the FBP of this stimulation with high viscous mud.
Mud Injection into Model C with Slightly Inclined Foliation
The interval pressure, flow rate and generated microcrack (dashed) records for model C are summarized in Fig. 15 . In this simulation case the rock mass contains foliation tilted by 15° with respect to direction of maximum horizontal stress. Drilling mud is represented as a fluid with viscosity of 10 mPa s. Figure 15 shows the pressure increase during injection until shut-in and relatively slow pressure decay after that of the first injection cycle. The evolution of number of generated microcracks suggests minor fracturing during injection starting at a pressure level of approx. 15 MPa. The crack generation process continues at a faster rate throughout the shut-in period of the first cycle. Consequently, the first cycle is interpreted as a phase in which tensile fracture initiates at a fracture initiation pressure (FIP) of 15 MPa that equals the minimum stress in the model which corresponds to the vertical stress, S v in the field.
The second injection cycle initially shows a few minor pressure drops that are followed by breakdown FBP (C/1) at 30 MPa and characteristic pressure drop to 23 MPa at shut-in (Fig. 15) . The peak pressure is interpreted as the FBP which is followed by fracture propagation until injection is stopped. Therefore, this injection cycle can be considered as breakdown cycle. After the injection phase, microcrack generation continues during shut-in.
The third injection cycle shows a peak pressure at 27 MPa which is interpreted as the RFP (C/2) which is slightly lower than the FBP (C/1). Interestingly, more micro fractures are generated during the shut-in period than during injection. This can be an artefact due to fracturing close to the model boundary. Figure 16 provides information about the generation of microcracks during pressurization of model C with mud at two stages, fracture breakdown (C/1) and refracturing (C/2). Microcracks at stage C/1 are induced around the boundary between the sealing packers, open borehole area and rock mass, as well as at the sub-horizontal foliation planes. Hence, an initiation of a newly induced, tensile hydraulic fracture in the rock mass and stimulated foliations are visible at fracture breakdown stage in Fig. 16 . The microcrack evolution during breakdown and refracturing cycles (stages C/1and C/2 in Fig. 16 ) indicate that fractures are extended both in the rock mass and foliation planes, approximately parallel to the maximum principal stress S Hmax . The tensile hydraulic fracture in the rock mass propagates to a greater extent. The foliation planes are fractured in tension as the main stimulation mechanism. Shear fracturing, therefore, is not the main fracturing mechanism, since the planes of weakness are not optimally oriented for hydro-shearing. Fig. 7 Close-up view of numerical model showing circular particles of different size (average particle radius is 1 mm) and pore network model. Flow channels (solid segments at contacts between two particles) are connecting to neighbouring domains (pore spaces) bounded by a solid polygon. Black dots at the polygon centres are virtual pores where fluid pressure (P f ) is stored. The blue circles around those are proportional to magnitude of stored fluid pressure. The dotted polygon shows contributing segments used for calculating domain volume. Arrows are resultant forces applied to the particles surrounding the pore spaces due to fluid pressure P f . Microcrack due to fluid injection is represented as broken parallel bond contacts (dashed line) either in mode I or mode II. A chain of microcracks builds up a visible macrocrack which can be bounded (area between two bold lines). (Color figure online) Fig. 8 Hydro-mechanical coupling in PFC 2D (m particle mass, a acceleration, k c contact stiffness, k b bond stiffness, U particle overlap)
Comparing Figs. 15 and 16, the evolution of fluid pressure suggests that as the mud penetrates the foliation planes, the fluid pressure remains high. Higher fluid pressure is required to pump the mud into the foliation and, therefore, to reopen and extend the tensile hydraulic fracture at the tip of the foliation. Although pressure build up is partitioned between the domains located at the smooth joint and parallel bond contacts, it requires less hydraulic energy to extend the initial tensile hydraulic fracture throughout the parallel bond contacts representing the rock mass. This explains the high FBP and RFP as well as the lower RFP compared to FBP of this stimulation with high viscous mud. Table 4 shows that the injected volume of fluids during numerical simulation of hydraulic fracturing (HF) in models with foliation (model B and C) is about one order of magnitude smaller than that on field testing. In case A (simulation of homogeneous rock mass by water injection) the pressure versus time record agrees with injected rate and volume recorded on field testing. The lower injected fluid volume in the rock models with foliation is the result of using 2D section for the interval in the borehole, i.e. the lack of fluid flow in the out-of-plane direction. Consequently, this is a clear limitation of the 2D version of the numerical code and should be subject of future development. We should note that field data include recorded flow back rate (Fig. 5b) ; however, this is not simulated in present study. This is not required, since these data cannot be used for the numerical study as the flow back was interrupted to check the sealing condition of the packers. Hence, matching flow rate records from field tests and numerical simulation with the 2D version of codes is not relevant. The peak pressures, i.e. measured fracture breakdown (FBP) and refracturing pressure (RFP) are different for each simulation case. In case A with homogeneous rock mass the FBP is higher than the RFP, i.e. the model shows good agreement with the classical pressure-time record of hydraulic fracturing (Fig. 11) . On the other hand, FBP and RFP are somewhat higher than those observed in field testing which implies that pre-existing fractures in the numerical rock mass models are required to reproduce these pressure values. This is supported by model case B for which the simulated FBP and RFP agree with field data (Table 4) . Not only the magnitudes show good match, but also the numerical code is able to capture the higher RFP for a rock mass with horizontal foliation.
Discussion
Comparison of Simulation Results for the Three Models
Interestingly, when simulating model case C with tilted plane of foliation, the RFP is lower than the FBP; and both values are higher than that recorded pressure from field testing (Table 4 ). The higher FBP can be explained in a way that the area of tilted foliation planes to be fractured is higher compared to the case in which the foliation planes are horizontal; consequently the tilted foliation has larger volume for fluid storage. The higher FBP with higher fracture inclination angle agrees with the modelling results presented by Lavrov et al. (2016) . On the other hand, this might also be related to the limitation of the 2D version of the numerical code. Therefore, further investigations are required.
The peak pressure during the first injection cycle in homogeneous model A and in in model C with tilted foliation is not interpreted as FBP although a pressure drop of several MPa is observed, see Figs. 11 and 15 . This is the case for which the fracture initiation around the borehole is affected by the strength contrast between the rock mass and the packers. Due to the pressure drop, the injection must be stopped to avoid numerical instability. This limitation is overcome by pressure relaxation after shut-in which is followed by injection at the same flow rate.
The results presented in Table 4 and Fig. 12 show that only parallel bonds break in simulation of model A, which is expected for hydraulic fracturing of homogeneous rock mass. The portion of different failure types at parallel bonds and smooth joints for model case B and C suggest (Figs. 14, 16 ) that the fracturing processes are different in these models. Although the dominant type of fracturing is tensional for a rock mass with foliation, shear microcracks are also generated. The lower number of shear fractures suggest that the foliation planes are not optimally oriented for hydro-shearing. Our numerical modelling results show that fracture initiation develops from the stiffness and strength contrast between packers in the borehole and the surrounding rock mass. Furthermore, the low tensile strength of foliation planes in the rock mass may contribute to this. Consequently, our results confirm the results and interpretations of field tests described by Healy and Zoback (1988) and Hickman and Zoback (1983) . Similar to our findings, they linked the anomalous breakdown pressure to lower tensile strength and anisotropy of the rock mass. 
Hypothesis of Viscous Blocking
The results of coupled numerical modelling show that orientation of rock foliation with respect to direction of major principal stress affects hydraulic fracturing results. The fracture breakdown pressure and refracturing pressure seem to be inversely proportional to angle between foliation and maximum in-situ stress which agrees with the observation made by Lavrov et al. (2016) .
Considering the results of all simulated models (A, B and C), and the discussion above, the rock mass with horizontal foliation (model B) injected by high viscosity mud shows best fit with field data. The atypical field observation with higher RFP in the second cycle of pressurization can be explained by the injection of high viscous fluid (mud) and existing foliation in the mica schist. First, injected mud flows into foliation plane, remains there and blocks the flow. Mud flows into the initial tensile fracture induced within a weaker area in the rock mass close to the packer and interval and propagates the initiated fracture during the fracturing cycle. Due to the presence of mud in the foliation planes, higher RFP is required to reopen the tight foliation planes and to create and to extend fractures in subsequent refracturing cycles. However, when the foliation is inclined (model figure online) C), the shearing does not provide large hydraulic aperture increase to let the viscous mud in, compared to the horizontal foliation. This may explain why simulation of injection into tilted foliation with high viscous mud does not explain the atypical field data.
Conclusions
In this study, an atypical behaviour of hydraulic fracturing tests in low permeable mica schist is investigated. The field data from site investigations in Hungary show that the fracture breakdown pressure (FBP) is lower than the refracturing pressure (RFP) of the subsequent injection cycles for one and the same flow rate. This field observation motivated the application of the particle flow code (PFC 2D ) to study the atypical hydraulic fracturing behaviour in a series of twodimensional models subjected to several injection cycles. The effect of foliation and its orientation with respect to the direction of maximum horizontal stress and the viscosity of injected fluid (drilling mud) on breakdown and refracturing pressures is tested through different rock mass models.
The modelling results show that homogeneous rock mass that is stimulated by water pressure follows the classical principle of hydraulic fracturing with an induced hydraulic fracture that propagates parallel to the direction of maximum principal stress. However, the results of the models that are foliated parallel to maximum principal stress and stimulated by mud suggest that foliation and high-viscosity fluid are required to match the field observations. We argue that the drilling mud penetrates the sub-horizontal foliation plane and makes the opened fracture tight by an effect which is referred to as viscous blocking. The process prevents leak-off from the opened hydrofracture that can explain the increased RFP in subsequent cycles. On the other hand when the rock mass has dipped foliation and is stimulated by mud, the RFP is lower than the FBP. This might be explained by hydroshearing with foliation that is not optimally oriented compared to the horizontal foliation.
The study shows that crack development and progression in cases where foliation is present reflects that insitu stress measurements require further understanding. Therefore, sensitivity of orientation, length and strength (stiffness) of foliation as well as stress regime configuration, flow rate, fluid density and well orientation must be also tested in a future study. This may contribute to a more precise stress determination and analysis method.
